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a b s t r a c t
Dorsoventral patterning of the Drosophila embryo is regulated by graded distribution of bone
morphogenetic proteins (BMPs) composed of two ligands, decapentaplegic (Dpp) a BMP2/4 ortholog
and screw (Scw) a BMP5/6/7/8 family member. scwE1 encodes an unusual allele that was isolated as a
dominant enhancer of partial loss-of-function mutations in dpp. However, the molecular mechanisms
that underlie this genetic interaction remain to be addressed. Here we show that scwE1 contains a
mutation at the furin cleavage site within the prodomain that is crucial for ligand production.
Furthermore, our data show that ScwE1 preferentially forms heterodimers with Dpp rather than
homotypic dimers, providing a possible explanation for the dominant negative phenotype of scwE1
alleles. The unprocessed prodomain of ScwE1 remains in a complex with the Dpp:Scw heterodimer, and
thus could interfere with interaction of the ligand with the extracellular matrix, or the kinetics of
processing/secretion of the ligand in vivo. These data reveal novel mechanisms by which post-
translational regulation of Scw can modulate Dpp signaling activity.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Extracellular signaling molecules form concentration gradients
and function as morphogens to specify positional information
during pattern formation in the embryo. In the classical French
Flag model, a concentration gradient is formed as a result of
diffusion of a morphogen from a source towards a sink at the
opposite end of the tissue, and positional information is deter-
mined by the response of cells to speciﬁc threshold concentrations
of the morphogen (Wolpert, 1969).
One of the best-studied examples of a morphogen is the bone
morphogenetic protein (BMP) 2/4 ortholog decapentaplegic (Dpp)
in the Drosophila wing imaginal disc. During larval stages, dpp is
transcribed in a stripe along the anterior/posterior compartment
boundary of the wing disc and Dpp forms a long-range morphogen
gradient that controls both patterning and growth of the wing disc
(Affolter and Basler, 2007). Dpp also acts as a morphogen to
regulate dorsal–ventral patterning in the embryo (Ferguson and
Anderson, 1992; Wharton et al., 1993). Previous studies have
revealed that a second BMP5/6/7/8 type ligand screw (Scw) is
required along with Dpp, for establishment of proper dorsal cell
fate in the Drosophila embryo (Arora et al., 1994; Arora and
Nusslein-Volhard, 1992; Ray et al., 1991). BMP signaling activity,
visualized by immunostaining for nuclear accumulation of phos-
phorylated Mothers against dpp (pMad), reveals temporal changes
in signaling levels within the dorsal half of the embryo during the
blastoderm stages (Ross et al., 2001; Shimmi and O'Connor, 2003;
Shimmi et al., 2005; Umulis et al., 2010). Since both dpp and
scw are ubiquitously expressed in the dorsal blastoderm, this
has given rise to an interesting paradox in which a morpho-
genetic gradient is formed within the tissue where the ligands are
uniformly expressed, highlighting the requirement for post-
transcriptional mechanisms that regulate spatiotemporal BMP
signaling. In fact, previous studies have shown that the embryonic
BMP gradient is a consequence of graded distribution of Dpp:Scw
heterodimers, through interaction with the ventro-laterally
expressed BMP-binding protein short gastrulation (Sog) (Shimmi
et al., 2005). Correct distribution of Dpp:Scw heterodimers
depends on the ability of these ligands to form a shuttling complex
with Sog and a second BMP-binding protein twisted gastrulation
(Tsg), as well as interactions with extracellular matrix (ECM)
proteins (Sawala et al., 2012; Wang et al., 2008). Ligands are
released from this complex by the protease tolloid (Tld), and are




0012-1606 & 2014 Elsevier Inc. All rights reserved.
n Corresponding author. Fax: þ1 949 824 4709.
nn Corresponding author. Fax: þ358 9 191 59 366.
E-mail addresses: karora@uci.edu (K. Arora),
osamu.shimmi@helsinki.ﬁ (O. Shimmi).
Developmental Biology 389 (2014) 149–159
free to bind receptors on the dorsal side. Since formation of the
shuttling complex is reversible, the shape of the gradient is
determined by the abundance of Sog on the ventral side.
BMP-related ligands are typically synthesized as inactive precursors
that are activated by proteolytic cleavage at furin recognition sites to
yield mature C-terminal proteins. The vertebrate BMP4 precursor is
cleaved by furin-type proteases at a consensus furin site RX(R/K)R
adjacent to the mature ligand domain, followed by subsequent
cleavage at an upstream furin site (Degnin et al., 2004). It appears
that BMP4 is differentially processed in a tissue speciﬁc manner
(Goldman et al., 2006). In contrast, the Drosophila BMP4 ortholog
Dpp is cleaved sequentially at three furin sites, and the ﬁrst cleavage at
a prodomain is critical and sufﬁcient for Dpp signaling during
development (Kunnapuu et al., 2009; Kunnapuu and Shimmi, 2010).
Further studies suggest that Dpp cleavage is also regulated in a tissue
speciﬁc manner (Sopory et al., 2010). These data indicate that BMP4
and Dpp signaling are regulated through diversiﬁed cleavage of ligand
precursors.
In comparison to BMP4/Dpp, little is known about how the BMP5/
6/7/8-type ligands are produced from their precursors, and how
processing contributes to function in vivo. Recently Fritsch et al.
investigated processing of the Drosophila BMP5/6/7/8-type ligands,
Scw and glass bottom boat (Gbb) and reported that although Scw and
Gbb contain consensus furin sites in comparable locations in the
prodomain and adjacent to the ligand domain, the requirement for
cleavage at these sites was variable. Cleavage mutant forms of Gbb can
still rescue gbb mutants, while the cleavage mutants of scw did not
rescue scw mutants (Fritsch et al., 2012). Furthermore, Akiyama et al.
demonstrated that a larger form of Gbb that retains part of the
prodomain can contribute to long-range signaling in the wing
imaginal disc (Akiyama et al., 2012). These results highlight the
possibility that in addition to regulating production and stability of
the processed ligand, the prodomain could play additional roles in
modulating ligand activity, potentially through interactions with
partner proteins and extracellular matrix components, that have not
been fully explored.
In this study we ﬁnd that an unusual scw mutant allele that
behaves in a dominant negative manner contains a mutation at a
furin recognition site within the prodomain. We demonstrate that
cleavages at two furin sites in the Scw precursor, one within the
prodomain and another adjacent to the mature ligand, are
required for optimal function. Importantly, analysis of ligand
dimerization and a time course analysis of signaling activity
reveals a crucial role for the Scw prodomain in choice of dimer-
ization partners and ability of the Dpp:Scw heterodimer to signal
effectively in the embryo. Our results provide new insights into the
requirement for accurate ligand processing in vivo and the




Dpp-HA, Scw-Flag, Scw-HA, Tsg-His, Sog-Myc, GFP, and Mad-Flag
for tissue culture transfections were described previously (Shimmi
et al., 2005). For generation of HA-Scw-Flag, the HA tag was inserted
between Glu83 and Val84 of scw-Flag cDNA. The scw cleavage mutant
cDNAs were constructed, using the QuickChange Site-Directed Muta-
genesis kit (Stratagene). The resulting fragments of these constructs
were subcloned into pBRAcPA for cell culture. Genomic DNA containing
the scw locus was ampliﬁed by PCR with the following primers:
gen scw fwd (GCTCAGCTGCTACCTAAGCCAG) and gen scw rev
(CACACGCTGTTAACGAATCTCTTATG). A 4882-bp PCR product was
cloned into pattB for transgenic ﬂies. Scw cleavage mutants were
constructed, using the QuickChange Site-Directed Mutagenesis kit. All
constructions were conﬁrmed by sequencing.
Drosophila stocks
Wild-type or cleavage mutants of genomic scw lines were
obtained by the injection of pattB-genomic scw, using the PhiC31
site-speciﬁc integration system at chromosomal position 86Fb
(Bischof et al., 2007). Df(2L)OD16, and scw5 were used as scw null
mutants. The scwE1 and dpphr4 ﬂies were obtained from L. Raftery.
Immunostaining and in situ hybridization
Staining of embryos was carried out following standard proce-
dures. Rabbit anti-phospho-Mad (pMad) antibody was used (a gift
from P. ten Dijke), as described previously (Shimmi et al., 2005). In
situ hybridization of zen, pnr, and Msh to whole-mount embryos
was performed with digoxigenin-labeled RNA probes and visua-
lized with alkaline phosphatase precipitates (Shimmi et al., 2005).
Mutant embryos were identiﬁed by lack of hybridization of lacZ
transcripts produced from the Cyo, ftz-lacZ balancer chromosome.
Production of recombinant proteins
Drosophila S2 cells were used for producing recombinant proteins,
as previously described (Kunnapuu et al., 2009). Wild-type or cleavage
mutants of HA-scw-Flagwere transfected into S2 cells. A secreted form
of GFP was co-transfected for normalization. Dpp:Scw heterodimers
were produced, as previously described (Shimmi et al., 2005). In brief,
dpp-HA and HA-scw-Flag (wild-type or cleavage mutant forms) were
co-transfected. The supernatants or cell lysates were collected 5 days
post-transfection, incubated with anti-Flag M2 antibody-coupled
agarose (Sigma), and Dpp:Scw heterodimers were eluted following
the addition of Flag peptide. Western blotting was performed probing
with the following antibodies: primary antibodies, anti-HA12CA5
(Roche), anti-Flag M2 (Sigma), anti-GFP (Santa Cruz Biotechnology),
and pMad antibodies; secondary antibodies, anti-rabbit IRDye 800
(LI-COR) and anti-mouse IRDye 680 (LI-COR) or HRP-conjugated goat
anti-mouse IgG (Jackson Immuno Research Laboratories). The blots
were developed using Super Signal (Pierce) for Film and LAS-3000
(Fujiﬁlm) (Figs. 4 and 5). The intensities of the bands were quantiﬁed
by an Odyssey Infrared Imaging System (LI-COR) or Aida Image
Analyzer.
BMP signaling assay in S2 cells
Puriﬁed Dpp:Scw heterodimers were quantiﬁed by probing
Western blots with anti-HA antibody. Equivalent amounts of Dpp:
Scw heterodimers were incubated with 1 ml of S2 cells for the
indicated time at room temperature. S2 cells were spun down and
resuspended into 1 PBS, 0.1%BSA for signaling assays. At each
time point, 100 ml of cells were collected, spun down and lysed in
30 ml 1 SDS-PAGE sample buffer. The signaling intensities were
measured by probing Western blots with rabbit anti-pMad and
mouse anti-tubulin as an internal control, followed by incubation
with secondary antibody: anti-mouse IRDye 680 and anti-rabbit
IRDye 800. Quantiﬁcation was performed on an Odyssey Infrared
Imaging System.
Results
scwE1 contains a mutation in the prodomain
The scwE1 allele was isolated in a genetic screen for dominant
enhancers of partial loss-of-function mutations in dpp (Raftery
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et al., 1995). Loss-of-function mutations in scw or deﬁciency
strains lacking scw, are viable in combination with hypomorphic
dpp alleles, thus the failure of scwE1 to complement a range of dpp
alleles, has been interpreted as interfering with some aspect of
Dpp signaling in a dominant negative manner (Arora et al., 1994).
Given that Dpp and Scw form heterodimers and both ligands
contribute to the BMP gradient in the dorsal embryonic blasto-
derm, we wondered whether the scwE1 lesion affects amino acid
Fig. 1. Functional rescue by cleavage mutants of scw in the blastoderm embryo. (A) Schematic illustration of furin cleavage sites and cleavage mutants of Scw proproteins.
The MFSI, E1, or MFSII constructs carry point mutations that make three furin recognition motifs inactive. The white bar represents the prodomain and the shaded bar shows
the mature ligand domain. (B) Wild-type but not cleavage mutants of Scw rescued the scw mutants. The percentage of those rescued was calculated by dividing the number
of scw mutant progeny (Df(2L)OD16/scw5 or Df(2L)OD16/scwE1) by the number of scw heterozygous (Df(2L)OD16/CyO, scw5/CyO, or scwE1/CyO) progeny and multiplying the
quotient by 200. Two copies of rescue constructs were included in the analysis. Fly stocks used for embryo staining are marked by stars. (C–Q) Dorsal view of pMad staining
(C–G), zenmRNA (H–L), and pnrmRNA (M–Q) in early stage 6 embryos. (R–V) Lateral view ofMshmRNA staining in early stage 6 embryos. Wild-type phenotypes (C, H, M, R),
scw mutants (D, I, N, S), and rescue constructs of g-scwWT (E, J, O, T), g-scwMFSI (F, K, P, U), or g-scwE1 (G, L, Q, V) in scw mutants. Note that pnr and Msh expression was
differentially observed between scw null, g-scwMFSI, and g-scwE1 when staining was performed under identical conditions.
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residues that are critical for interactions with Dpp. To address this
question, we sequenced the region corresponding to the scw locus
in scwE1, and identiﬁed a mutation, C2714T (Arg914Cys), that is a
part of the furin recognition motif located within the Scw
prodomain (Fig. 1A). The Scw proprotein contains three furin
cleavage motifs: a canonical furin recognition site (FSI) adjacent
to the ligand domain, and the N-terminal cleavage motif (FSII), and
the prodomain cleavage site (E1) that is altered in scwE1 (Fig. 1A).
A recent report showed that the furin sites at E1 and FSI are
required for Scw function in vivo (Fritsch et al., 2012). However,
whether cleavage at these furin sites affects dimerization with
Dpp, and/or the signaling ability of these dimers during early
embryogenesis, remains to be addressed.
Cleavage of the Scw prodomain is required for embryo development
To understand how cleavage of the Scw protein contributes to
its role in embryonic patterning in vivo, we examined the ability of
different cleavage mutant variants of Scw to restore function in a
scw mutant background. The cleavage motif FSI was mutated to
generate MFSI (ArgPheLysArg271 to GlyPheLysGly of FSI) (Fig. 1A).
Previous studies have identiﬁed a 4.88-kb genomic DNA fragment
containing the scw locus that is sufﬁcient to rescue dorsal–ventral
patterning and viability of scw mutants (Arora et al., 1994; Fritsch
et al., 2010). Genomic rescue constructs containing the wild type
scw gene (g-scwWT) or corresponding cleavage mutant constructs
(g-scwMFSI, g-scwE1) were generated and transgenic lines were
established using the PhiC31 site-speciﬁc integration system to
minimize the effects of insertion site dependent variation (Bischof
et al., 2007). We ﬁrst tested the ability of the transgenes to rescue
a loss-of-function scw mutant using two copies of the genomic
rescue construct. Control g-ScwWT showed efﬁcient rescue of
scw5/Df(2L)OD16 mutants (102.9% rescue, n¼209) (Fig. 1B). In
contrast, two copies of g-ScwMFSI or g-ScwE1 failed to rescue the
scw mutant (0%, n¼168 and 0%, n¼145, correspondingly), as
shown previously (Fritsch et al., 2012). We also investigated the
ability of the wild type and cleavage mutant transgenes to rescue
the scwE1 allele. The lethality of animals carrying the scwE1 allele in
trans to the scw deﬁciency Df(2L)OD16 was rescued by g-ScwWT
but not by g-ScwMFSI (82.6%, n¼219 and 0%, n¼94, respectively)
(Fig. 1B). Additionally, even three copies of scwE1 could not
compensate for Scw signaling in vivo (0%, n¼84).
BMP signaling responses in Scw cleavage mutants
As the ability to rescue scw mutants to viability is a stringent
assay, we also investigated whether the Scw prodomain cleavage
mutants retain partial function by assaying pMad accumulation in
the dorsalmost cells of blastoderm stage embryos as a direct
readout of signaling activity. In wild type embryos pMad is
expressed in a stripe of dorsal cells that is absent in scw mutants
(Fig. 1C and D). In scw mutant embryos rescued by g-ScwWT
the pMad stripe was recovered (Fig. 1E). In contrast, we were
unable to detect any signiﬁcant pMad accumulation when either
g-scwMFSI or g-scwE1 transgenes were introduced into scw mutants
(Fig. 1F and G).
The transcription factor zerknüllt (zen) is initially transcribed in
the dorsal half of the embryo in response to a nuclear gradient of
the maternal morphogen Dorsal. Subsequently in mid-late blas-
toderm stages, zen expression in the dorsalmost cells is dependent
exclusively on high level of BMP signaling (Ray et al., 1991;
Rushlow et al., 2001) (Fig. 1H). Therefore we examined zen
expression in scw mutants containing different rescue constructs.
zen expression is absent in scw mutants at late blastoderm (Fig. 1I)
and was rescued by g-ScwWT, but not by the cleavage mutants g-
ScwMFSI or g-ScwE1 (Fig. 1J–L).
In contrast to zen, expression of pannier (pnr) requires lower
levels of BMP signaling and therefore shows broad domain of
expression on the dorsal side (Shimmi et al., 2005). In scw
mutants, lower levels of Dpp homodimer signaling are sufﬁcient
for pnr transcription, although at low levels in a narrow domain
(Fig. 1M, N). pnr expression was restored to wild type levels in scw
mutants containing g-ScwWT (Fig. 1O). Intriguingly, pnr expression
was signiﬁcantly recovered in scw mutants with g-ScwMFSI
(Fig. 1P), but not with g-ScwE1 (Fig. 1Q).
We also examined distribution of Muscle speciﬁc homeobox
(Msh) that is restricted to the dorsal neuroectoderm (Fig. 1R), in
response to low levels of Dpp signaling (Mizutani et al., 2006; Oh
et al., 2002). We ﬁrst examined the consequence of loss of Scw
signaling on Msh expression. In scw mutants, Msh expression
expands to the dorsal side of the late blastoderm embryo
(Fig. 1S), similar to that caused by loss of dpp (Oh et al., 2002).
These data indicate that both dpp and scw are required for Msh
repression at the dorsal side of the embryo. We found that Msh
expression was restored in scw mutants by g-ScwWT or g-ScwMFSI
(Fig. 1T and U). However, Msh expression in scw mutants contain-
ing g-ScwE1 was similar to that in scw mutant embryos (Fig. 1V).
Taken together, these results argue that although both FSI and
E1 sites are critical for rescue to viability, they appear to be
differentially utilized for Scw signaling in vivo. The absence of
pMad and high threshold target zen in the dorsalmost cells argues
that loss of the FSI site impacts the ability of the ligand to
contribute to peak levels of BMP signaling, however, this form of
Scw is able to provide low BMP signaling. By contrast, our results
demonstrate a more stringent requirement for the E1 site, and
suggest that mutations in E1 are unable to substitute for Scw
function.
Scw prodomain cleavage site mutant shows genetic interaction
with dpp
As mentioned earlier, the scwE1 allele and hypomorphic alleles
of dpp, such as dpphr4 (dpphr4 scwþ/dppþ scwE1) result in synthetic
lethality despite the presence of a functional copy of each gene
(Raftery et al., 1995). We therefore introduced scw cleavage mutant
transgenes (scwMFSI and scwE1) into a genetic background that was
compromised for Dpp signaling, and assayed their interaction with
the remaining functional copy of dpp. We also analyzed BMP
signaling in these animals during embryogenesis. Since trans-
heterozygous animals carrying a scw null allele and dpphr4 (dpphr4
scwþ/dppþ Df(2L)OD16) are viable (91.1% viability, n¼330), a
single copy of scw genomic transgene (carrying either wild-type
or cleavage mutants) was introduced into the dpphr4 scwþ/dppþ Df
(2L)OD16 background and the viability was tested (Fig. 2A).
Animals carrying g-ScwWT transgene were viable (95.8%, n¼319),
while introduction of g-ScwE1 into the dpphr4 scwþ/dppþ Df(2L)
OD16 animals resulted in lethality (0%, n¼282); reinforcing
genetic evidence that the ScwE1 molecule acts in a dominant
negative manner to prevent Scw and/or Dpp function. Introduc-
tion of g-ScwMFSI in dpphr4 scwþ/dppþ Df(2L)OD16 ﬂies did not
signiﬁcantly affect viability (79.6%, n¼319), indicating that ScwMFSI
does not have a negative effect on Dpp signaling activity, unlike
ScwE1.
We also investigated whether a dpphr4 scwþ/dppþscwE1 animal
could be rescued by introduction of speciﬁc genomic rescue
constructs. As expected, g-ScwE1 could not rescue dpphr4 scwþ/
dppþscwE1 (0%, n¼206) (Fig. 2A), however both g-ScwWT and
g-ScwMFSI were able to restore viability (100.6%, n¼511 and 87.9%,
n¼409, correspondingly). Taken together, these results highlight
the contrasting effect of mutations at these two cleavage sites and
the fact that ScwMFSI appears to retain sufﬁcient activity to provide
relief from the dominant negative action of ScwE1.
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Scw prodomain functions as a regulator of Dpp signaling
in the embryo
In the next series of experiments, we investigated the ability of
cleavage mutant transgenes to alter BMP signaling in a dpphr4 scwþ/
dppþ Df(2L)OD16 background. We did not detect any changes in pMad
accumulation in the dorsal-most cells in this sensitized background in
the presence of g-ScwWT or g-ScwMFSI (Fig. 2B–D). Intriguingly,
introduction of g-ScwE1 into dpphr4 scwþ/dppþ Df(2L)OD16 embryos
resulted inweaker but signiﬁcantly broader pMad accumulation in the
dorsal blastoderm (Fig. 2E). This pattern of pMad accumulation is
strikingly similar to what is observed in dpphr4 scwþ/dppþ scwE1
embryos (Fig. 2F). This phenotype is reminiscent of the ﬁrst stage of
pMad accumulation observed in mid-blastoderm stage wild-type
embryos, prior to the stage when the morphogen gradient matures
to display peak levels of signaling (Ross et al., 2001; Shimmi and
O'Connor, 2003; Shimmi et al., 2005; Umulis et al., 2006).
We also examined the expression of several BMP target genes to
assess the levels of BMP signaling. A dorsal stripe of zen at late
blastoderm stage was observed when g-ScwWT or g-ScwMFSI were
introduced into dpphr4 scwþ/dppþ Df(2L)OD16 embryos (Fig. 2G–I).
In contrast, the dorsal stripe was missing in both dpphr4 scwþ/dppþ
Df(2L)OD16; g-ScwE1 and dpphr4 scwþ/dppþ scwE1 embryos (Fig. 2J,
K), indicating that peak levels of BMP signaling had not been
achieved in either of these backgrounds. By contrast, the expression
of low threshold BMP target genes such as pnr and Msh, was
unaltered in dpphr4 scwþ/dppþ Df(2L)OD16 animals carrying g-
scwWT, g-scwMFSI, or g-scwE1, and in dpphr4 scwþ/dppþ scwE1
embryos, and was similar to that observed in wild-type embryos
(Fig. 2L–U). These results demonstrate the ability of the ScwE1
molecule to interfere with BMP signaling and negatively impact
pMad levels as well as expression of BMP target genes that require
peak levels of signaling in the embryo. However, the introduction of
the cleavage mutant at the MFSI site (g-ScwMFSI) did not result in
Fig. 2. Genetic interactions between cleavage mutant of the scw prodomain and dpp. (A) Cleavage mutant of the scw prodomain and dpp hypomorphic allele show strong
genetic interaction. The percentage of viability was calculated by dividing the number of ﬂies transheterozygous for scw and dpp (dpphr4 scwþ/dppþDf(2L)OD16 or dpphr4
scwþ/dppþscwE1) progeny by the number of dpp heterozygous (dpphr4/CyO) progeny. Fly stocks used for embryo staining are marked by stars. (B–P) Dorsal view of pMad
staining (B–F), zen mRNA (G–K), and pnr mRNA (L–P). (Q–U) Lateral view of Msh mRNA staining in embryos. Transheterozygous for scw null and dpp hypomorphic allele
(dpphr4 scwþ/dppþ Df(2L)OD16) (B, G, L, Q), rescue constructs of g-scwWT (C, H, M, R), g-scwMFSI (D, I, N, S), or g-scwE1 (E, J, O, T) in dpphr4 scwþ/dppþ Df(2L)OD16. Embryos
transheterozygous for dpphr4 scwþ/dppþ scwE1 (F, K, P, U).
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comparable dominant negative interactions in this sensitized
genetic background, highlighting the differential effect of prodo-
main mutations on ligand activity.
Cleavage of the Scw prodomain is crucial for mature ligand
production
To determine how these cleavage sites are utilized for Scw
ligand production in Drosophila S2 cells, we assayed protein
production/accumulation of different Scw cleavage mutant forms
in both cell lysates and supernatants. In contrast to a previous
study (Fritsch et al., 2012), we co-transfected a secreted form of
GFP as an internal control, that was used for proportional quanti-
ﬁcation of mature ligands and precursors. The cleavage motif
FSII was also mutated to generate MFSII (ArgProArgArg54 to
GlyProArgGly54 of FSII) (Fig. 1A). To enable detection of Scw
fragments, two epitope tags were introduced into scwWT, scwMFSI,
scwE1, scwMFSII, scwMFSI/E1, and scwE1/MFSII: a Flag-tag into the ligand
domain and an HA-tag in the prodomain between the FSII and
E1 (Fig. 3A). These constructs were transfected into S2 cells and
their protein products were analyzed by Western blotting. A 15 kD
mature ligand was efﬁciently produced and secreted from cells
expressing scwWT. In cells transfected with scwMFSI a high mole-
cular weight precursor was observed at levels equivalent to ScwWT,
but the mature 15 kD form was not detected. Instead, a 40 kD
fragment was observed in the supernatant. This fragment was not
clearly discernible in cell lysates due to the presence of back-
ground bands of similar sizes (Fig. 3B and C). The yield of the
secreted 40 kD fragment was approximately 40% compared to
mature ScwWT (Fig. 3F). Analysis of ScwE1 revealed that the
precursor form was present at higher levels than ScwWT (Fig. 3B
and F). In contrast, the mature form of ScwE1 was secreted at
signiﬁcantly lower levels, about 20% compared to ScwWT. HA-
tagged ScwWT, ScwMFSI, or ScwE1 were detected as large precursors
in cell lysates (Fig. 3D). In addition, two bands of 32 kD and 28 kD
were recovered in the supernatant from cells transfected with
scwE1, but not seen in ScwWT (Fig. 3E). In ScwMFSII, the precursor
formwas detected at slightly higher levels than ScwWT, but mature
ligand yield was only minimally reduced to about 80% of ScwWT.
We also investigated cleavage of protein forms that carried a
combination of mutant cleavage sites. In ScwMFSI/E1 or ScwE1/MFSII
mature ligands were produced and secreted at signiﬁcantly lower
levels, and their precursors were detected at higher levels than
ScwWT in cell lysates (Fig. 3B, C and F). The HA-tagged prodomain
of ScwE1/MFSII was secreted as a 32 kD fragment consistent with
disruption of cleavage at FSII (Fig. 3E). Taken together, these data
highlight the critical requirement of the FSI site for production of
mature Scw and the E1 site within the prodomain for efﬁcient
production/stability of Scw ligand. By comparison, cleavage at the
distal FSII site has only limited effect on Scw ligand production as
long as the E1 site is intact.
Scw cleavage mutants can form Dpp:Scw heterodimers
Our observation that the mutation in ScwE1 compromises the
yield of mature ligand in S2 cells, suggested a possible explanation
for the dominant negative effect against Dpp. We hypothesized
that ScwE1 may proportionately impact secretion of Dpp:ScwE1
heterodimers. We therefore analyzed the impact of Scw cleavage
site mutation on Dpp:Scw heterodimer formation. Tagged forms of
scw (HA-Scw-Flag; wild-type and cleavage mutants E1, MFS1) and
dpp-HA were co-transfected into S2 cells and heterodimers were
puriﬁed using anti-Flag antibody-coupled beads. Intriguingly, sig-
niﬁcant amounts of Dpp protein were recovered as heterodimers
irrespective of whether it was co-expressed with wild-type or
cleavage mutant forms of Scw. Heterodimer formation of Dpp and
Scw was efﬁciently observed in both cell lysates and supernatants,
thus both ScwE1 and ScwMFSI can form heterodimers with Dpp,
and the heterodimers are secreted (Fig. 4A–H). Interestingly in
cells co-transfected with ScwE1 and Dpp, we also recovered 28 and
32 kD fragments corresponding to incompletely cleaved Scw
prodomain (Fig. 4D). When Dpp is co-expressed with ScwWT,
ScwE1 or ScwMFSI, the efﬁcient recovery of heterodimers is not
due to changes in levels of Scw production, since the ligand yield is
similar to when scw wild-type or cleavage mutants are transfected
alone (Fig. 3B, C and 4A, E). These results argue against a simple
model where the ScwE1 cleavage mutant manifests its dominant
negative behavior by blocking secretion of its dimeric partner.
To determine whether Scw cleavage mutants show altered
dimerization with Dpp or with wild-type Scw, we ﬁrst examined
homo-dimerization of scwWT-HA with Scw cleavage mutants con-
taining a Flag-tagged ligand domain. Wild type and cleavage
mutants of Scw were co-transfected into S2 cells, and dimers
were recovered through co-IP using anti-Flag beads. ScwWT-HA
was able to dimerize with Flag tagged Scw ligand (both wild-type
and cleavage mutants), but dimer formation between ScwWT-HA
and cleavage mutants was signiﬁcantly reduced (Fig. 5A and B). In
particular, ScwMFSI did not appear to efﬁciently form dimers with
ScwWT-HA.
We next co-expressed combinations of three ligands, Dpp-HA,
ScwWT-HA and cleavage mutants of HA-Scw-Flag in S2 cells and
compared the relative amounts of Dpp-HA and ScwWT-HA recov-
ered through Scw-Flag puriﬁcation. Analysis of dimer formation
demonstrates that Scw cleavage mutants (both ScwE1 and ScwMFSI)
preferentially dimerize with Dpp-HA compared to Scw-HA when
both are available (Fig. 5C and D). These results suggest the
existence of regulatory mechanisms that drive the formation of
Dpp:Scw heterodimers when production of Scw is compromised,
or that dimers of ScwWT:Scw cleavage mutants are less stable than
Dpp:Scw heterodimers with Scw cleavage mutants.
Although we see efﬁcient recovery of Dpp:Scw heterodimers
with Scw cleavage mutants, genomic rescue lines containing
mutations at both the FSI and E1 cleavage sites were unable to
restore pMad accumulation in the embryo (Fig. 1F and G). One
possibility is that Scw cleavage mutant heterodimers may not form
a functional unit and are unable to bind receptor and/or transduce
a signal. To address this issue, we performed a signaling assay in
S2 cells, as described in (Kunnapuu et al., 2009). We quantiﬁed
Dpp:Scw heterodimers after puriﬁcation and used equivalent
amounts of heterodimers for signaling assay. To investigate the
time course of Dpp:ScwWT, Dpp:ScwMFSI or Dpp:ScwE1 signaling,
we compared the signaling response to each ligand over a 5 h
period. Aliquots of cells in suspension were collected at different
time points and pMad levels were measured as a direct read-out of
BMP activity (see Materials and Methods). Our experiments show
that in S2 cells we are able to detect a signaling response to Dpp:
Scw heterodimers within a relatively short time frame, compar-
able to what is required in the embryo. We ﬁnd that Dpp:ScwWT
signaling reaches a maximum level within 1 h of incubation
(Fig. 6A). In contrast, the signaling response to Dpp:ScwMFS1 and
Dpp:ScwE1 continues to increase during the 5 h period (Fig. 6B
and C). These results suggest that the kinetics of signaling are quite
different for wild-type and cleavage mutant forms of Scw. Given
that in cellular blastoderm stage embryos Dpp:ScwWT signaling
achieves peak pMad levels within 1 h, we compared the relative
levels of signaling in S2 cells in response to Dpp:ScwWT, Dpp:
ScwMFSI and Dpp:ScwE1 in a similar time frame – at 0.5, 1.0 and 2 h
after incubation (Fig. 6D). The response to Dpp:ScwWT was used to
normalize data at each time-point. We found that signaling by
Dpp:ScwMFSI is signiﬁcantly less effective than wild-type (between
20 and 40% compared to Dpp:ScwWT). The signiﬁcantly lower and
slower signaling proﬁle of Dpp:ScwMFSI dimers provides a
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Fig. 3. Cleavage mutants of Scw precursor in S2 cells. (A) Schematic of different molecular forms of Scw. FL: precursor form of HA-Scw-Flag; Pro32: 32 kD prodomain of Scw;
Pro28: 28 kD prodomain of Scw; L40: 40 kD large fragment of Scw ligand; L15: 15 kD mature Scw ligand. (B–E) Western blot analyses of wild-type or cleavage mutant
HA-Scw-Flag proteins. Protein products in the cell lysates (B, D) and supernatants (C, E) were detected by probing with anti-Flag (B, C) or anti-HA (D, E) antibody. The
precursors (50 kD) of wild-type or cleavage mutant Scw were seen in cell lysates. The Flag-tagged 15 kD mature form was seen in both cell lysates and supernatants and the
40 kD fragment of ScwMFSI was secreted in supernatants (C). The two prodomain fragments (32 and 28 kD) of ScwE1 were seen in the supernatants (E). The secreted form of
GFP was co-transfected as an internal control, and was used for proportional quantiﬁcation of mature ligands and precursors. (F) Relative amounts from ﬁve independent
experiments of 50 kD precursor forms and 15 kD mature ligands in cell lysates, and supernatants detected by probing with anti-Flag antibody. Arrows on the right side of
each panel indicate speciﬁc molecular forms of Scw (B–E).
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potential molecular basis for the hypomorphic scwMFSI mutant
phenotype. Interestingly, Dpp:ScwE1 heterodimers are only some-
what less effective in the S2 signaling assay (70%) compared to
Dpp:ScwWT, in the ﬁrst hour of incubation. The ﬁnding that Dpp:
ScwE1 heterodimers are at least partially active in S2 cells, but not
in vivo, points to a signiﬁcantly more stringent requirement for
signaling in the embryo, and indicates that in addition to receptor
activation, context speciﬁc pro-domain interactions with the
extracellular matrix and/or differential kinetics of signaling in
the embryonic milieu have a signiﬁcant impact. Alternatively,
differential kinetics of Dpp:ScwE1 heterodimer processing/
secretion or ligand/receptor complex turnover, may impact signal-
ing in vivo.
Discussion
The Drosophila BMP5/6/7/8-type ligand Scw requires cleavage at
two furin recognition sites for proper function in vivo. Cleavage at the
prodomain plays a critical role in producing an active Dpp:Scw
heterodimer, a primary component of the BMP morphogen gradient
in the embryo. In this study, we establish that the gain-of-function
mutant allele scwE1 contains a mutation at the furin recognition site
within the prodomain that impacts the yield of mature ligand. Our
data also reveal that ScwE1 preferentially forms heterodimers with
Dpp rather than homotypic dimers. Surprisingly, despite the presence
of the unprocessed prodomain in the heterodimer ligand complex,
puriﬁed Dpp:ScwE1 can signal effectively in S2 cell culture. However
Dpp:ScwE1 heterodimers show minimal activity in the embryo,
arguing that the presence of the ScwE1 prodomain potentially inter-
feres with ligand–receptor turnover, interaction with the extracellular
matrix, or processing/secretion of the ligand in vivo. These results
provide a basis for understanding the dominant negative behavior of
the scwE1 allele. By contrast, mutations at the cleavage site adjacent to
the ligand domain in ScwMFSI that results in a longer ligand form,
display no dominant negative activity and mimic a hypomorphic scw
allele. Consistent with this, we demonstrate that Dpp:ScwMFSI hetero-
dimers have signiﬁcantly lower signaling ability in S2 cells and in vivo.
Our analysis of the various cleavage sites in Scw and their impact on
ligand function, suggests that the presence of furin sites can be utilized
to lend functional regulation of evolutionarily conserved molecules.
Regulation of Scw cleavage and signaling
Many functionally important cellular peptides and proteins are
synthesized as inactive precursor forms that require post-
translational proteolytic processing to become biologically active.
This is achieved by the activity of proprotein convertases including
furin. The precursor forms of the TGF-β family contain a consensus
furin recognition site adjacent to the ligand domain for production
of mature ligand and previous studies have examined how active
forms are produced from inactive precursor proteins. Even though
Fig. 4. Scw cleavage mutants form heterodimers with Dpp. (A–H) HA-Scw-Flag (wild-type or cleavage mutants) and Dpp-HA were expressed in S2 cells. Dpp-HA:Scw-Flag
heterodimers in conditioned media (A, C) or cell lysates (E, G) were puriﬁed through anti-Flag M2 beads (B, D, F, H). Dpp-HA and HA-Scw-Flag (wild-type or cleavage
mutants) in supernatants (A, C) or cell lysates (E, G), and puriﬁed fractions (B, D, F, H) were detected by probing with anti-Flag (A, B, E, F) or anti-HA (C, D, G, H) antibody.
A 50 kD proprotein of Scw is detected with anti-HA and anti-Flag antibodies in cell lysates and in puriﬁed fractions. A 60 kD proprotein of Dpp-HA is detected only in cell
lysates, suggesting that most of the Dpp is proteolytically processed before or during heterodimer formation. Mature Scw and Dpp are produced efﬁciently and Dpp
abundance in puriﬁed fractions indicates efﬁcient heterodimer formation in cells. (I) Schematic showing molecular forms of Dpp. Arrows indicate two processing sites
involved in Dpp ligand production. Dpp-F, Dpp-L and Dpp-S denote Dpp proprotein, large fragment of mature Dpp ligand, small fragment of mature Dpp ligand, respectively.
Different molecular forms of Dpp (orange) and Scw (black) are marked by arrows on the right side of each panel (A–H).
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mutations within the prodomain furin cleavage motifs of the
TGF-β family have been reported as the basis of several diseases
(Belville et al., 2004; Dixit et al., 2006; Suzuki et al., 2009), less is
known about the molecular mechanisms underlying these
changes. This study utilizes a genetic model, a mutant allele of
scw, to investigate the signiﬁcance of post-translational regulation
of BMP signaling through prodomain cleavage.
Recent studies suggest that the prodomain of TGF-β comprises
straightjacket and Arm domains that form a ring-shaped complex
with the ligands potentially shielding it from receptor binding (Shi
et al., 2011). It was assumed that such a complex where the
straitjacket and prodomain arms wrap around the ligand, would
result in loss of ligand–receptor interactions (Fritsch et al., 2012).
In this study we provide evidence that ScwE1 is less efﬁciently
secreted compared to wild type Scw, and that the prodomain of
ScwE1 is observed in a complex with the secreted ligand. These
data indicate that a secondary cleavage step at the E1 site may be
required for release of the ligand. Interestingly, ScwE1 displays an
enhanced ability to form heterodimers with Dpp, that could
explain the gain-of-function phenotype of scwE1 that is manifest
in sensitized genetic backgrounds that are compromised for Dpp
signaling (Raftery et al., 1995). Given that Dpp:ScwE1 heterodimers
are unable to support high levels of BMP signaling or restore
function in vivo (Figs. 1 and 2), one way of understanding the
behavior of ScwE1 is that it depletes functional Dpp molecules
through effective formation of heterodimers, that are unable to
signal due to continued association with the Scw prodomain,
analogous to a latent complex. However, our analysis of the time
course of signaling by the secreted Dpp:ScwE1 heterodimer in S2
cells, demonstrates that it can transduce a signal in cultured cells,
albeit in a less efﬁcient manner. This ﬁnding argues that retention
of the Scw prodomain does not appear to directly interfere with
Dpp:ScwE1 ligand–receptor binding and signaling.
Themature ScwE1 ligand is produced less efﬁciently thanwild-type
Scw (see Fig. 5), therefore it is possible that the ScwE1 prodomain
could interfere with processing or secretion of Dpp:ScwE1 heterodi-
mers providing an alternative basis for the scwE1 phenotype. In
experimentswhere Dpp:ScwE1 heterodimer levelswere assayed 5 days
after transfection, equivalent levels of Dpp:ScwWT and Dpp:ScwE1
were detected in both supernatants and S2 cell lysates. Given the short
Fig. 5. Scw cleavage mutants preferentially form heterodimers with Dpp rather than forming Scw homodimer. (A, B) ScwWT-HA and HA-Scw-Flag (wild-type or cleavage
mutants) were expressed in S2 cells. Scw-HA:Scw-Flag dimers in conditioned media were puriﬁed through anti-Flag M2 beads. Scw-HA and HA-Scw-Flag (wild-type or
cleavage mutants) in supernatants and puriﬁed fractions (IP) were detected by probing with anti-Flag (A) or anti-HA (B) antibody. (C, D) HA-Scw-Flag (wild-type or cleavage
mutants), Dpp-HA, and ScwWT-HA were co-expressed in S2 cells. Dpp-HA:Scw-Flag or Scw-HA:Scw-Flag dimers in conditioned media were puriﬁed through anti-Flag M2
beads. Dpp-HA, Scw-HA and HA-Scw-Flag (wild-type or cleavage mutants) in supernatants and puriﬁed fractions (IP) were detected by probing with anti-Flag (C) or anti-HA
(D) antibody. (E) Schematic showing molecular forms of HA tagged wild-type Scw. FL (Scw-HA) and Scw-HA denote Scw-HA proprotein and mature Scw-HA ligand,
respectively. Molecular forms of Dpp (orange), HA-Scw-Flag (black) and Scw-HA (green), are marked by arrows on the right side of panels (A–D).
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window of 30–45min during which Dpp:Scw heterodimer signaling
is expected to be critical in blastoderm stage embryos, it remains to be
addressed whether differential kinetics of processing and/or secretion
of Dpp:ScwE1 heterodimers contribute to the dominant negative
behavior of scwE1. Another possibility is that the Scw prodomain
could interfere with interactions with extracellular matrix molecules
that impact the ability of the complex to diffuse in space. Several
recent studies have highlighted the signiﬁcance of ECM molecules in
formation of a BMP morphogen gradient in the embryo (Sawala et al.,
2012; Wang et al., 2008). This view is supported by the ﬁnding that in
embryos compromised for Dpp signaling that also contain scwE1 or
g-ScwE1 the initial phase of broad, low pMad accumulation is
unaltered, but peak levels of pMad in the dorsal midline that are
dependent on ligand transport are not achieved (Fig. 2).
The ﬁnding that both cleavage mutants of Scw (ScwE1 and
ScwMFSI) are more effective in forming heterodimers with Dpp
compared to wild-type Scw, is noteworthy (Figs. 4 and 5). The
mechanisms underlying this preferential dimerization between
Dpp and Scw cleavage mutants remain to be elucidated. However,
it is interesting to speculate that preferential Dpp:Scw dimeriza-
tion may be a compensatory response, to counteract the effect
of ligand mutations, and thereby contributes to robustness of
the morphogen gradient. This interplay between related BMP
ligands sheds light on the molecular mechanism by which dimer-
ization partners may be selected. Furthermore, since vertebrate
BMP5/6/7/8 are known to dimerize with BMP2/4-type ligands, and
these heterodimers are functional (Little and Mullins, 2009; Valera
et al., 2010), similar posttranslational mechanisms are likely to
contribute to modulation of vertebrate BMP2/4-type ligands and
impact their signaling in vivo.
Evolutionary signiﬁcance of diversiﬁed furin cleavage motifs
A relatively small number of conserved signaling molecules are
repeatedly utilized in a variety of developmental contexts as
genetic toolkits (Carroll, 2008). To explain how conserved systems
give rise to diversity among species, it has been proposed that
changes in the gene regulatory network are a major source of
novelty (Peter and Davidson, 2011). In contrast, less is known
about how post-translational mechanisms bring about variations
in protein dynamics and function. Within Arthropoda Gbb appears
to be a prototype of the BMP5/6/7/8-type molecule. Scw is only
found in higher Diptera and is likely to have originated from gene
duplication of gbb (Fritsch et al., 2010; Van der Zee et al., 2008).
Gbb precursors contain two frequently occurring furin motifs, one
within the prodomain and one adjacent to the ligand domain
(Fig. S1). Three cleavage motifs are found in the Scw precursor;
two in the prodomain and one adjacent to the ligand domain
(Figs. 1A and S1). The E1 site in Scw is located at a comparable
position to the cleavage motif in the Gbb prodomain (Fig. S1)
(Fritsch et al., 2012). This implies that the prodomain cleavage site
in Gbb may have been acquired by weakly selected mutations with
additional functions, e.g. long-range signaling of a larger Gbb
(Akashi et al., 2012; Akiyama et al., 2012). The cleavage site in
the Scw prodomain may have become adapted for embryonic
functions such as morphogen gradient formation and regulation of
Dpp signaling, after gene duplication. Thus, our data suggest that
furin recognition motifs could function as ﬂexible modules that
provide diversity among evolutionarily conserved molecules and
can be utilized for regulation of the spatial and temporal distribu-
tion of extracellular molecules in a posttranslational manner.
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